Introduction
Transmission network expansion planning (TNEP) is one of important tasks in Smart Grid planning. The objective is to evaluate the optimal network configuration by setting new transmission lines between nodes and to balance between future generation and loads under some constraints. The mathematical formulation may be represented as a combinational optimization problem that is difficult to solve. To solve the optimization problem, a lot of methods have been developed. The conventional methods on TNEP may be classified into Linear Programming [1] , Dynamic Programming [2] , Benders-decomposition-based methods [3, 4] , Heuristics [5] , the combination of the above methods [6] , etc. It is known that the conventional methods have a drawback that they calculate a locally optimal solution or that it is very time-consuming to calculate the optimal solution. In recent years, meta-heuristics is noteworthy for a practical optimization method in a sense that it repeatedly makes use of heuristics or simple rules to evaluate highly approximate solutions close to global one in given time. The following meta-heuristic methods are well-known: Simulated Annealing (SA) [7] , Genetic Algorithm (GA) [8] , Tabu Search (TS) [9] , Ant Colony Optimization (ACO) [10] , Particle Swarm Optimization (PSO) [11] , Differential Evolution (DE) [12] , etc. The combinational optimization problem of TNEP was solved by meta-heuristic methods [13] [14] [15] [16] . Romero, et al., applied to SA for solving the non-convex problem [13] . It contributed to the cost reduction of 7% in comparison with the conventional method. Wen, et al., made use of TS to evaluate better solutions easily [14] . Afterward, Gallego, et al. made a comparison of SA, GA and TS [15] . Their results showed that the improved TS provided better results than others. Sensarma, et al. developed a PSO-based method for the TNEP problem and their results showed the good performance [16] . However, the conventional methods just solved the transformed formulation in a sense that the multi-objective TNEP is transformed into the scalarization formulations like the weighted sum method of the cost functions [17] , the constraint transformation method [18] , etc. Specifically, however, they have drawbacks to require a priori knowledge on each objective function or to select only one solution by disregarding the existence of a set of the Pareto solutions [19] . As a result, they are not desirable in dealing with the multiobjective TNEP. In recent years, MOMH (Multi-objective Metaheuristics) has been developed to focus on evaluating a set of the Pareto solutions systematically. Shahidehpour, et al. developed Elitist Non-dominated Sorting Genetic Algorithm (NSGA-II) to TNEP [20] . It does not necessarily imply good MOMH because of the existence of missing solutions and/or biased solutions in distribution of the Pareto solutions. In addition, the uncertain factors should be considered in TNEP. Thus, there is still room for improving the solution quality and considering the uncertainties. This paper proposes an efficient CNSGA-II-based multi-objective meta-heuristic method for probabilistic transmission network expansion planning. CNSGA-II is different from NSGA-II in a way that the reproduction of solution candidates is employed at the next generations to maintain the diversity of the solution set in CNSGA-II. It has better performance on the solution accuracy and the diversity in the Pareto solution set. Also, MCS is used to evaluate the probabilistic reliability assessment with index EENS (Expected Energy Not Supplied). In this paper, two cost functions of probabilistic reliability index EENS and the construction cost are optimized to evaluate a set of the Pareto solutions. The proposed method is successfully applied to the IEEE-24 node reliability test system.
Transmission Network Expansion Problem (TNEP)
This section outlines the conventional formulation of TNEP that minimizes the installation cost of the transmission line under the constraints [15] . It determines the location and the number of transmission lines while satisfying the balance between generation and loads under the constraints on the power flows and the variables. A lot of the power flow calculations are required in the optimization process so that the DC power flow calculation is often employed due to the numerical efficiency and the rescheduling of generators is useful for optimizing the cost function. Specifically, the mathematical formulation may be written as follows:
Cost function: (7) gives the conditions that the isolated nodes or isolated islands do not exist in the network, where s=1 means the network with all the nodes connected. The formulation of (1)-(7) may be solved with two phases. Phase 1 determines the location and the number of lines while Phase 2 optimizes output of dummy generations for a given network configuration. Now, suppose that a network configuration is given by a certain method. Phase 2 may be expressed as the following linear programming (LP) problem:
Cost function:
Reliability Assessment
Reliability assessment is outlined in this paragraph. It consists of the two basic aspects: adequacy and security. The former is related to static reliability in power system planning while the latter is concerned with dynamic reliability in power system operation. In this paper, adequacy is discussed to deal with TNEP. As Smart Grid operators are faced with severe blackouts in recent years, more sophisticated methods are required to understand the probabilistic behavior of Smart Grid. The Monte Carlo Simulation (MCS) technique is one of popular methods that satisfy such requirements. It may be classified into state sampling method, state transition sampling method, and state duration sampling method [22] . In this paper, the state sampling method is used due to the advantage of reduced computational time and memory requirements. The basic sampling procedure is conducted by assuming that the behavior of each component is determined by the uniform distribution of random number Step 1: Sample a system state by the sampling technique.
Step 2: Calculate transmission line power flows with the DC load flow calculation. Go to Step 4 if this state is normal. Otherwise, go to Step 3.
Step 3: Solve the linear programming minimization problem to reschedule generation, alleviate line overloads and minimize the total load curtailment.
Step 4: Accumulate the adequacy index. Stop if coefficient is less than the termination conditions error.
Otherwise, return to Step 1.
Multi-objective Metaheuristics
As multi-objective Metaheuristics (MOMH), CNSGA-II is outlined to solve a multi-objective optimization problem of TNEP [24] . NSGA-II developed by Deb, et al., [23] was extended into CNSGA-II to improve a set of the Pareto solutions efficiently. It has the following strategies: Fast non-dominated sort strategy, Crowding distance strategy, and Elitism strategy. The fast non-dominated sort strategy evaluates the solution dominance and classifies the solutions into each Front. This strategy is used for evaluating, classifying, and storing the Pareto solutions efficiently. CNSGA-II is the improved NSGA-II in a way that reproduction is applied to the next generation. CNSGA-II Step 1: Set initial conditions (t=0), and create random parent population P 0 and children population Q 0 .
Step 2: Form a combined population t t t Q P R and sort R t according to fast non-dominated sort.
Step 3: Create new parent population P t+1 by adding solutions from the first front considering n i till
Step 4: Calculate the crowding distances of the last accepted Front and pick high crowding ones according to N.
Step 5: Stop if t is equal to t max . Otherwise, go to Step 6.
Step 6: Perform genetic operations to P t+1 and create Q t+1 and go to Step 2.
Proposed Method
In this section, a CNSGA-II-based method is proposed for multi-objective transmission network expansion planning problem. Most of the conventional methods do not consider uncertainties in Smart Grid since they focus on minimizing construction cost. In recent years, Smart Grid increases the degree of uncertainties under new environment of Smart Grid, the emergence of renewable energy, etc. Thus, it is necessary to consider the uncertainties in TNEP under new environment. To deal with the uncertainties, this paper evaluates probabilistic reliability criterion EENS in MCS. As the new stage of probabilistic transmission network expansion planning, this paper solves the TNEP problem as the multi-objective optimization. Namely, the proposed method aims at minimizing EENS as well as the construction cost. The formulation of the proposed method may be written as follows:
Objective function: 
EENS : EENS of bus i
The proposed method evaluates the Pareto optimal solutions by minimizing (17) and (18) . CNSGA-II is an efficient method for calculating a set of the Pareto optimal solutions efficiently in multi-objective optimization problems. The proposed method allows system planners to determine expansion planning in consideration of tradeoff between construction cost and probabilistic reliability. The algorithm of the proposed method may be written as follows:
Step 1: Set initial conditions (t=0), and create random parent population P 0 and children population Q 0 .
Step 2: Evaluate construction cost and EENS for combined population
Step 3: Sort R t according to the fast non-dominated sort and create new parent population P t+1 .
Step 4: Stop if t is equal to t max . Otherwise, go to Step 6.
Step 5: Perform genetic operations to P t+1 , create Q t+1 and go to Step 2.
Simulation
The proposed method is successfully applied to the IEEE 24-node reliability test system in Fig. 2 . The following simulation conditions were used: -The test system has 41 transmission line candidates and the total loads of 8550MW. It is assumed that the system has at most four lines at each transmission line. As a result, the number of combination results in 7. 3 10 24 . As a sample system, the IEEE 24-bus system was modified to have three times more generation and load amounts than the original data [25, 26] .
- Table 1 shows the parameters of CNSGA-II that were determined by the preliminary simulation. To evaluate probabilistic reliability index EENS, this paper assumes that the components consists of generators and transmission The above results demonstrated that the proposed method gives more flexible transmission network expansion planning in consideration of the tradeoff relationship between the construction cost and EENS.
Conclusion
In this paper, an efficient method has been proposed for transmission network expansion planning with CNSGA-II of multi-objective metaheuristics. The proposed method focused on a multi-objective optimization problem of construction cost and reliability to evaluate a set of the Pareto solutions efficiently, where probabilistic reliability index EENS was used to evaluate the probabilistic reliability under Smart Grid environment with the uncertainties. The proposed method was successfully applied to the IEEE 24-bus system. The simulation results have shown that the proposed method succeeded in evaluating more accurate and diverse a set of the Pareto solutions in comparison with NSGA-II. Also, the proposed method contributed to the clarification of the trade-off relationship of a set of objective functions. Therefore, the proposed method allows the system planners to select the transmission network expansion planning flexibly.
